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We investigate the dynamics of a plasmonic oscillation over a metal nanoparticle when it is
strongly coupled to a quantum emitter (e.g. quantum dot, molecule). We simulate the density
matrix evolution for a simple model; coupled classical–quantum oscillators system. We show that
lifetime of the plasmonic oscillations can be increased several orders of magnitude, upto the decay
time of the quantum emitter. This effect shows itself as the narrowing of the plasmon emission band
in the spaser (surface plasmon amplification by stimulated emission of radiation) experiment [Nature,
2009, 460, 1110], where a gold nanoparticle interacts with the surrounding molecules. Enhancement
of the plasmonic excitation lifetime enables stimulated emission to overcome the spontaneous one.
The enhancement occurs due to the emergence of a phenomenon analogous to electromagnetically
induced transparency (EIT). The effect can find applications in many areas of nanoscale physics,
such as in quantum information with plasmons and in increasing solar cell efficiency.
PACS numbers:
I. INTRODUCTION
Ordinarily, the response of atoms to a electromagnetic
field mimics a two-level quantum system since the degen-
eracy in the excited levels is masked out by dipole selec-
tion rules. However, if the dipole allowed excited state
is microwave coupled to the forbidden one, the dielectric
response will be severely modified [2]. A transparency
window emerges at the resonance frequency, where with-
out microwave drive an absorption peak would have been
observed. This phenomenon is called as Electromagnet-
ically Induced Transparency (EIT). The vanishing ab-
sorption is due to the following. The microwave coupling
splits the dipole allowed excited state into two (Stark
effect [3]). Since the splitting is smaller than the decay
rate of the excited level, optical beam couples the ground
state to each auxiliary levels. When the two Rabi oscil-
lations are out of phase, absorption cancels and atom
stays in the ground state [4–7]. The modified absorption
is proportional to the decay rate of the dipole forbid-
den transition (much smaller) instead of the allowed one
[2]. EIT-like schemes underlie in the physics of ultra-slow
light propagation [8, 9] and index enhancement [10].
A similar phenomenon shown in Ref.s[5–7] takes place
for the two coupled classical oscillators (C.O.), where the
first one has a high damping rate (low-quality) and the
second one has a low damping rate (high-quality). When
the low-quality C.O. is driven by a harmonic force, the
absorbed power is governed with the damping rate of
the high-quality one. Such a phenomenon takes place
similarly due to the destructive interference of the two
normal modes of the coupled oscillators system [5, 6]. In
2009, Soukoulis and colleagues demonstrated the classical
analog of EIT in split ring resonators (SRRs) [11, 12].
They capacitively coupled a dipole (low-quality) SRR to
a quadrupole (high-quality) one by closely placing the
gaps of the two SRRs. Electromagnetic drive is on the
dipolar oscillator, because incident radiation couples only
to dipolar one. They showed that the response of the
dipolar SRR exhibit a dip at the resonance frequency
which is 43 THz.
Classical analog of EIT is shown to have many ap-
plications in the field of plasmonic physics. The cou-
pling of dipole and quadrupole plasmonic modes of two
rectangular thin plates (or rectangular gaps in metal-
lic plates) manufactured in sub-micron dimensions are
shown to exhibit EIT-like resonances and transparency
windows [13–26]. In such devices, slow light propagation
[27, 28], electromagnetically induced absorption [12, 21],
and anomalous light transmission (where covering the
subwavelength nanoaperture with gold nanodisk unex-
pectedly enhances the light transmission) [29] are ob-
served. Former two effects are proposed to be used in
solar cell applications[30, 31]. Because, they trap the
light inside solar cell a longer time and provide enhanced
light-matter interaction for pair creation [30]. The life
time of the quadrupole moment limits the trapping time
in solar cells.
Meanwhile, intense research is being conducted on
the control of quantum objects (emitters) by coupling
them to plasmonic excitations of nanoantennas [32]. The
plasmon resonance frequencies of nanoantennas are in
the optical range and they are tunable by changing the
length/width and manufacturing material of the nanoan-
tennas [33–39]. In 2010, van Hulst and colleagues cou-
pled a quantum dot (QD) to a gold nanoantenna op-
erating at 800nm [32]. They showed that QD (excited
electronically) transfers the excitation energy [35] to the
nano Uda antenna due to the strong coupling and radi-
ates highly directional. Plasmonic nanoparticles enhance
the optical cross-section of a QD five orders of magni-
tude by localizing the incident light [40] This gives rise
to potential for radiative communication between optical
quantum emitters. It is shown that, such hybrid sys-
tems composed of coupled classical and quantum objects
also display Fano-like (or EIT-like [50]) resonances [40–
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249]. Absorption spectrum of the plasmonic nanoantenna
displays a dip due to the destructive interference of the
absorption paths.
In this paper, we explore the dynamics of a classical
oscillator (plasmonic oscillations on a nanometal) cou-
pled to a quantum emitter (quantum dot [32, 33, 35, 51],
nitrogen-vacancy center [36, 52, 53] or molecule [54]). We
show that, lifetime of the classical oscillator lengthens
due to the coupling and it approaches the longer lifetime
of the quantum emitter. The model system is a quantum
object attached on the nanoantenna to a position where
dipolar mode results very strong electric field localization
(Fig. 1). The localized electric field (five orders larger
compared to the incident field [40]) interacts with the
quantum emitter. Hence, a dipole-dipole type effective
coupling occurs between the antenna and the quantum
object [40–49]. Because of the coupling, a transparency
window emerges at the center of the absorption spectrum
of the antenna, see Fig. 2.
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FIG. 1: (Color online) (a) A classical oscillator driven by
an external harmonic source F (t) = Fe−iωt is coupled to a
quantum oscillator of resonance frequency ωeg. Interaction is
dipole-dipole type: The dipole induced on the classical oscil-
lator (∼ q) is coupled to the quantum one (∼ ρeg). Quantum
decay rate (γeg) is very small compared to damping (γq). (b)
The corresponding physical system for the model. A quan-
tum dot is attached over the gold nanoantenna. Plasmonic
oscillations on the antenna induces strong electric field at the
ends of the bar. The localized electric field (105 times of the
incident one [40, 55]) couples to the quantum dot. The dipo-
lar excitation of antenna is driven with the incident optical
light.
The plasmonic oscillations are driven by a harmonic
force which stands for the incident light. The coupled
system reaches the steady state in much longer times (see
Fig. 6). Thus, nanometal stays polarized for much longer
times. Regarding metal nanoparticles, decay rate of the
plasmonic excitations (γq ∼ 1014Hz , or ∼ 100meV)
[40, 56] is very large compared to the decay rate of the
quantum objects (γeg ∼ 109Hz, or ∼ 1µeV for QD [49]).
In the coupled system, plasmonic oscillation evolves in
time as if it has the tiny decay rate of the quantum emit-
ter.
This effect has already been shown in the experiment
spaser experiment by Noginov et al. [1, 57, 58]. They
demonstrated the stimulated emission of plasmonic exci-
tations in a gold nanoparticle core placed in a dye-doped
silica shell. They observe a change in the emission spec-
trum from a broad band to a narrow line (∼ 1012Hz,
or ∼ 1meV). The narrowing can be explained within
our EIT scheme as follows. The gold nanoparticle core
couples to the dye molecules more when silica shell is
denser doped. The coupled plasmon–molecule system
is governed by the behaviour of the molecular excited
level. Thus, the internal conversion rate of the molecule
(about ∼ 1012Hz, or ∼ 1meV) determines the new plas-
mon emission band. This is narrower. Additionally, us-
ing plasmons with increased lifetime; stimulated emission
can dominate the spontaneous emission rate. The spaser
establishes.
The presented effect promises many nanoscale applica-
tions. Metal nanoparticle covered solar cell surfaces can
trap incident solar light for much longer times. As well,
such configurations can lead to slower light propagation.
Moreover, increased lifetime enables quantum informa-
tion processing (including entanglement) with plasmons.
Our simulations also verify a complementary effect.
The presence of metal nanoparticle enlarges the decay
rate of the quantum emitter [51–53], see Fig. 7.
The paper is organized as follows. In Sec. II A,
we introduce the Hamiltonian for the coupled classical-
quantum oscillator system. We drive the equations of
motion for the system using density matrix formalism.
We include the damping, quantum decay rates and the
drive on the C.O.. In Sec. II B, we show the emer-
gence of the EIT-like transparency window. At reso-
nance, power absorption from the drive (by the C.O.)
is governed by the quantum decay rate (γeg) instead of
C.O. damping (γq). In Sec. II C, we adopt an analyt-
ical form for the dipolar polarization in the plasmonic
mode of the nanoantenna in the vicinity of the reso-
nance. In Sec. II D, we picture the shift of the trans-
parency window to the resonance of the quantum emit-
ter (ωeg), when classical and quantum oscillators are not
perfectly tuned. In Sec. III, we show that the durations
for reaching the steady-state is governed by the life-time
of the quantum object (1/γeg) for the coupled system.
Thus, plasmons stay polarized for longer times even if
the steady-state value for the polarization may vanish.
We also discuss the connection with the spaser experi-
ment [1, 57, 58] (Sec. III A) and possible solar cell appli-
cations (Sec. III B). In Sec. III C, we show that life time
of the excited quantum emitter is shortened by the plas-
mon damping. In Sec. IV, we summarize the paper and
discuss the possible applications of the coupled classical-
quantum system.
II. ANALOG OF EIT IN COUPLED
CLASSICAL-QUANTUM OSCILLATORS
SYSTEM
In this Section, we derive the equations of motion for
a system where a classical oscillator (C.O.) is strongly
3coupled to a quantum emitter. The coupling is through
dipole-dipole interaction and resonance frequencies of the
oscillators are in the optical regime. We present the effec-
tive Hamiltonian for the system and derive the equations
of motion using the commutation relations. We plot the
power absorbed by the C.O. and depict the emergence of
a transparency window (no absorption region) about the
resonance frequency.
We consider a system where a quantum object (e.g.
quantum dot, molecule or a Nitrogen-vacancy center) is
attached over a plasmonic nanoantenna that works in
the classical regime [66] (see Fig. 1). The incident light
couples to the plasmonic excitation mode of the nanoan-
tenna. Coupling of light to single quantum emitter is
of negligible strength compared to the plasmon. The
dipole oscillations, which creates a very strong localized
electric field over the nanoantenna, couples to the dipo-
lar excitation of the quantum emitter. In Fig. 1b, in
example a quantum dot is placed at a position (end of
the annoantenna) where dipolar plasmon mode gives the
maximum electric field. Resultant interaction becomes
dipole-dipole type. The effective system is: a quantum
object coupled to a C.O. which is driven by an external
source. The resonance of the plasmonic mode of the C.O.
(ωq) is tuned (by varying its size) close to the spacing be-
tween the ground and excited levels of the quantum os-
cillator (ωeg). Here, we consider an oversimplified model
of the hybrid system. We mainly aim to demonstrate the
phenomenon of lifetime enhancement. In more realistic
calculations [44, 45] one has to consider compicating ef-
fects such as the influence of the dielectric environment.
A. Hamiltonian and Equations of Motion
The total hamiltonian (Hˆ) for such a system can be
written as the sum of the energy of the quantum ob-
ject, energy of the plasmonic oscillations, and the dipole-
dipole interactions energy
Hˆ0 = ~ωe|e〉〈e|+ ~ωg|g〉〈g| , (1)
Hˆq =
pˆ2
2m
+
1
2
mω2q qˆ
2 , (2)
Hˆint = ~gcqˆ
(
eiθ|e〉〈g|+ e−iθ|g〉〈e|) , (3)
respectively. Dipole moment induced on the antenna
(created by the plasmonic oscillations) is proportional
to the displacement (qˆ) of the classical oscillator. The
dipole moment of the quantum emitter is proportional
to the off-diagonal matrix element ρeg. In Eq. (3), qˆ
(oscillating with freq. ωq) couples to the quantum dipole
excitation (eiθ|e〉〈g| + e−iθ|g〉〈e|), where gc is in units of
[freq./length] and eiθ is the phase of the matrix element.
Parameter m is not directly referred in our derivations,
it cancels similar to the case of quantization of Electro-
magnetic fields (see Chapter. 1 in Ref. [2]).
We use the commutation relations (e.g. i~ ˙ˆq = [qˆ, Hˆ])
in deriving the equations of motion (EM). We keep qˆ
quantum up to a step in order to avoid any fault in the
EM. After obtaining the dynamics in the quantum ap-
proach, we carry qˆ to classical (q(t)). Using the rotating
wave approximation (RWA), equations take the form
q¨0(t) + γq q˙0(t) + ω
2
qq0(t) +
~
m
gce
−iθρ∗eg(t) =
F
m
e−iωt ,(4)
ρ˙eg(t) = (iωeg − γeg)ρeg − igce−iθq∗0(ρee − ρgg) ,(5)
ρ˙ee(t) = −γeρee(t)− igc
(
eiθq0ρeg − c.c.
)
,(6)
where we use the complex amplitude q0(t) ∼ e−iωt for
describing oscillations. It is related to the displacement
of the C.O. as q(t) = q0(t) + q
∗
0(t). In Eq. (4), we intro-
duce the harmonic driving force
(
F
me
−iωt), of frequency
ω, on the plasmonic oscillator. Density matrix elements
ρee, ρgg, and ρeg belongs to the quantum emitter. γee is
the decay rate of the quantum emitter from the excited
state to the ground state. Decay rate of the off-diagonal
matrix element ρeg (or the polarization of the quantum
emitter) is represented by γeg = γee/2. The damping
rate of the classical (plasmonic) oscillator is γq. Since
γee belongs to a quantum object, we have γee  γq. In
example, the typical value for the decay rate of a molec-
ular excitation (determined by internal conversion rate)
is γee ∼ 1012Hz, whereas the damping rate of plasmonic
oscillation is γq ∼ 1014Hz [56]. The constraint on the
conservation probability ρee + ρgg = 1 accompanies Eq.s
(4-6).
We seek solutions of the form [5, 6]
q0(t) = q˜0e
−iωt and ρeg(t) = ρ˜ege−iωt , (7)
for the long term (steady-state) behaviour, where q˜0 is
complex number and related to the displacement of the
C.O. as
q(t) = q˜0e
−iωt + q˜0eiωt. (8)
Density matrix element (of amplitude ρ˜eg) oscillates with
the source frequency in the steady state. Inserting Eq.
(7) into Eq.s (4-6), we obtain the equations
(ω2q − ω2 − iγgω)q¯ + fcωqe−iθρ˜∗eg = F¯ , (9)
[i(ω − ωeg) + γeg] ρ˜eg + ifce−iθ q¯∗(ρee − ρgg) = 0 , (10)
γeeρee = −ifc
(
eiθ q¯ρ˜eg − e−iθ q¯∗ρ˜∗eg
)
, (11)
relating the solutions for the slowly varying variables
q¯, ρ˜eg and populations ρee and ρgg. We have the ad-
ditional equation ρee + ρgg = 1 for the number (prob-
ability) conservation. q¯ = q˜/a0 is the dimensionless
(scaled) slowly varying (complex) displacement of the
C.O., with a0 = (~/mωq)1/2 is the characteristic os-
cillator length. fc = gca0 is the coupling frequency
(strength) and F¯ = F/ma0 is the scaled force, in units
of [freq.]
2
. We note that, in Eq. (10), scaling results
~
m
gc
a0
= ~m
gca0
a20
= gcωq. Therefore, we do not refer to
mass m any more.
4B. Transparency Window in Absorption Spectra
We solve the set of nonlinear equations (9-11) and we
obtain the response of the coupled classical-quantum os-
cillators system to a driving harmonic field (force). In
the solutions, we make the assumption that driving force
(F¯ e−iωt) has always been on (till t = −∞), implicitly.
Regarding the plasmonic oscillations, q(t) = q˜0e
−iωt +
q˜0e
iωt corresponds to dipolar polarization on the an-
tenna. Thus, real/imaginary part of q˜0 refers to the po-
larization/absorption. This is analogues to the relation
Pω = χ(ω)Eω, where P, E, and χ stand for Polarization,
Electric field, and dielectric susceptibility, respectively.
An equivalent relation can be calculated also from the
power that force does on the oscillator (force×velocity)
[5, 6] per cycle,
P (t) = Re {−iωF q˜} = Im {ωF q˜} . (12)
Therefore, absorbed power is proportional to the imagi-
nary part of the q˜, as discussed above. In Fig. 2, we plot
the absorbed power for varying drive (source) frequency
ω. We take the resonance frequency of the plasmonic
mode equal to the quantum level spacing, i.e. ωeg = ωq.
When the C.O. is not coupled with the quantum ob-
ject, absorption shows a peak at the resonance ω = ωq
(dashed-line in Fig. 2). On the other hand, if the C.O. is
coupled to the Q.O. with coupling strength fc = 0.1ωq,
emergence of a transparency window at the center of
the absorption peak (ω = ωq) is observed (solid-line in
Fig. 2). In the vicinity of ω = ωq, the absorbance is pro-
portional to the quantum decay rate γeg instead of the
classical one γq similar to Ref.s [2, 5, 6] (see Eq. (18)
below). The driving force is F¯ = 0.01 in units of ω2q , and
corresponds to an pump intensity of about 103mW/cm2.
Regarding plasmonic oscillations, q(t) corresponds to
polarization field in the antenna. So, In Fig. 3, we plot
the nanoantenna polarization Re{q¯} (solid-line) together
with the antenna absorption (Im{q¯}). Fig. 3 depicts the
common form of the EIT-like response [2].
Fig. 4 plots the corresponding values for the polar-
ization in the quantum dot (ρ˜eg(ω)) and the excitation
fraction (ρee(ω)). We see that (solid-line in Fig. 4b),
quantum dot stays polarized (Re {ρeg} 6= 0) without ab-
sorption (Im {ρeg} = 0) at resonant drive ω = ωq. In ad-
dition, quantum dot becomes partially excited (ρee 6= 0)
about the resonance. The reason for the asymmetric
absorption peaks in Fig. 2 is due to the antisymmet-
ric absorption profile (about ∆ = 0) of the quantum
oscillator. For ω > ωq, quantum object display gain
(Im {ρeg} < 0) in the coupled system. Such asymmet-
ric absorption (scattering) profiles are common to Fano
resonances [24].
C. Analytical form for antenna polarization (q¯)
Exact expressions for q¯ are cumbersome since they in-
clude the solutions of the cubic equations. However, ana-
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FIG. 2: The power classical oscillator (nanoantenna) absorbs
from the driving force (electromagnetic field). When the
nanoantenna operates alone, absorption is peaked (dashed-
line) about the resonance frequency frequency of the antenna
(ωq). If the nanoantenna is coupled to a quantum oscillator
(e.g. quantum dot), a transparency window occurs (solid-line)
in the mid of the absorption peak. The new absorption at res-
onance is determined by the decay rate of the quantum dot
(γeg ∼ 109Hz), which is several orders of magnitude smaller
compared to the damping (γq ∼ 1014Hz). The quantum level
spacing is perfectly tuned with the resonance of antenna, e.g.
ωeg = ωq. The damping and quantum decay rates γq = 0.1ωq
and γeg = 0.5 × 10−4ωq are used in the simulation. Scaled
driving force is F¯ = 0.01 (in units of ω2q).
lytical expressions where the solution for the population
inversion y = ρee − ρgg left implicit give us clues about
the response of the coupled system. When the expression
for ρeg, obtained from Eq. (9), is used in Eq. (10), one
obtains
q¯ = F¯
(ω − ωeg) + iγeg
DR + iDI
, (13)
where
DR = (ω − ωeg)(ω2q − ω2) + γqγegω − f2c ωqy (14)
DI = γeg(ω
2
q − ω2)− γqω(ω − ωeg) (15)
are the real and imaginary parts of the denominator in
Eq. (13). F¯ is the scaled force in units of [freq.]
2
. The
value of population inversion y is determined by solving
the cubic equation
1 + y
2
= − f
2
c y
(ω − ωeg) + γ2eg
|q¯|2 , (16)
which is obtained by using the expression for ρeg in Eq.
(11). From Eq. (16) it can be seen that y < 0 must be
satisfied. Among the three roots for y, only one is real
or satisfies all of the equation (9-11) [67].
When ω = ωq = ωeg, Eq. (13) simplifies to
q¯ = i
F¯ γeg
(γqγeg − f2c y)ωq
, (17)
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FIG. 3: The real (solid-line) and the imaginary (dotted-
line) parts of the displacement (q¯) of the classical oscilla-
tor. Real part corresponds to the polarization induced on
the nanoantenna. Imaginary part is proportional to the an-
tenna absorption. We clearly observe the EIT-like behaviour
[2, 5, 6, 11, 12]. The parameters are the same with Fig. 2.
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FIG. 4: The corresponding steady state values for the (a)
excitation fraction and (b) polarization in the quantum emit-
ter, which is coupled to the nanoantenna (classical oscillator).
At resonance, quantum emitter stays polarized (Re{ρeg} 6= 0)
with a finite excitation probability (ρee 6= 0). The absorption
of the quantum object vanishes at resonance (Im{ρeg} = 0).
that is purely imaginary and resulting no polarization.
Since γeg is very small compared to all frequencies, ab-
sorption is represented by
P ' F¯ γeg/(−f2c y) (18)
which is proportional to γeg, not γq [5, 6]. This simple
result depicts the expected absorption cancellation effect
common to EIT response. For ω = ωq = ωeg and γeg → 0,
the equation for y [that is Eq. (16)] simplifies to
y2 + y + c = 0 , (19)
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FIG. 5: The spectral variation of the absorbed power on the
nanoantenna when the resonance frequency of the antenna
(ωq) is not perfectly tuned to the quantum level spacing
(ωeg). The position, where EIT-like response occurs, shifts
to the quantum resonance ω = ωeg = 1.1ωq. Antenna can
rearrange its operation frequency with in its spectral width
±γq = ±0.1ωq in order to match the quantum oscillation.
The coupling strength is fc = 0.1ωq and scaled driving force
is F¯ = 0.01 (in units of ω2q).
where c = 2F¯ 2/f2c ω
2
q . Eq.(19) has real solutions only if
discriminant is nonnegative, that is if F¯ <
(
fcωq/2
√
2
)
.
Hence, in the linear regime (when drive is small) y has
the real solutions
y1,2 ' −1
2
± (1− 4c)
1/2
2
. (20)
In our simulations, we verify that Eq.s (17,18,20) de-
scribe the absorption in the steady state –for resonantly
matched classical, quantum oscillators with the source–
provided that γeg is small compared to other frequencies.
D. Shift of Trancparency Window when C.O. is
not perfectly tuned to Q.O. (ωeg 6= ωq)
When the resonance frequency of the dipole mode of
the plasmonic excitation of the nanoantenna does not
match the quantum level separation (ωeg), the bahavior
of the EIT-like response is modified. The position, where
EIT occurs shifts to ω ' ωeg (see Fig. 5). This takes place
due to the following effect. The spectral width of the
quantum oscillator (quantum dot) ∆qua ' γeg = 0.001ωq
is very tight compared to the spectral width of the C.O.
∆cls = 0.1γq. Thus, in order to establish the coupling,
C.O. rearranges its frequency (within ∆q ∼ γq) in order
to match the energy spacing of the quantum system.
6III. ENHACED DURATION FOR PLASMONIC
OSCILLATIONS
In Fig. 6, we plot time evolutions of the antenna polar-
ization (q¯ = Re{q¯} + iIm{q¯}) when there is no coupling
(Fig. 6a) between the classical-quantum oscillators and
in the existence of coupling fc = 0.1ωq (Fig. 6b). Quan-
tum level separation is ωeg = 1.01ωq, decay rates are
γq = 0.1ωq and γeg = 0.0005ωq. We observe that cou-
pled oscillator reaches the steady state in the order of
γq/γeg ∼ 200 times longer compared to the uncoupled
one. Thus, the coupled system remains polarized for a
much longer time even if the final polarization for both
case may be zero at the steady state (not zero in Fig. 6b).
In this paper, we aim to present simply the possibility
of the lifetime enhancement for a C.O. (plasmonic field)
without concentrating on the specific system parameters.
Even though the typical frequency values for nanoan-
tenna plasmons can be specified, the damping rates for
quantum emitters occupy a wide range. The surface plas-
mon frequency for metal nanoparticles are in the optical
range ωq ∼ 1015Hz (or ∼ 1eV). The typical decay rate for
plasmons is γq ∼ 1014Hz [40, 56]. On the other hand, the
decay rate for quantum objects varies. An Alkali atom
can have γq ∼ 107Hz. The typical value for QD is about
γq ∼ 109Hz [49]. In dye molecules, even though the
radiative lifetime is as long as nanoseconds, the internal
conversion rate (γq ∼ 1012Hz) determines the duration
of the excitation.
A. The Spaser Experiment
The scaled values in Fig. 6 corresponds to a plasmon-
molecule coupled system with frequencies ωq ∼ 1015Hz,
γq ∼ 1014Hz and γee ∼ 1012Hz (γeg = γee/2). The cou-
pling frequency fc = γq may be varied by closer placing
the molecule-nanoparticle system. Such strong coupling
regimes (fc > γq) are achievable [70]. This system has
been experimented by Noginov et al. [1, 57, 58] within
the spaser (surface plasmon amplification by stimulated
emission of radiation) concept. For stronger coupling be-
tween molecule-doped silica shell and gold nanoparticle
core –by increasing the doping concentration– a narrower
emission band for the combined system system can be ob-
served. Decreasing the spontaneous emission rate (plas-
mon decay rate), above a critical pump stimulated emis-
sion of plasmons wins against spontaneous one.
It is natural to expect the emergence of the lifetime
enhancement effect after a sufficient driving force (pump
intensity). The induced dipole field must be high enough
for coupling energy to be in a similar order with the plas-
mon decay rate. Because, energy transfer rate from plas-
mon excitation to the quantum emitter must be not negli-
gible compared to the energy transfer rate to the vacuum
modes.
Noginov et al. points out that; when the density of
the hybrid nanoparticles is decreased (not the damping
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FIG. 6: Comparison of the durations for the two system to
reach the steady-state polarization. The C.O. is driven by
the harmonic force F (t) = Fe−iωt. (a) Nanoantenna (C.O.)
is not coupled to the quantum emitter (e.g. a molecule). An-
tenna polarization (Re{q}) reaches the steady-state at about
ωqt = 2pi × 20. (b) Nanoantenna is coupled to the quantum
dot with coupling strength fc = 0.1ωq. Antenna reaches the
steady-state in about ωqt = 2pi × 4000. Coupled nanoan-
tenna stay polarized for about γq/γeg ' 200 times longer
compared to the uncoupled one. Lifetime enhancement in
plasmon excitations enables the use of metal nanoparticles in
plasmonic quantum information and in solar cell applications
[30, 31, 59, 60]. Quantum level spacing is ωeg = 1.01ωq. De-
cay rates are γq = 0.1ωq and γeg = 0.0005ωq. Driving force
is F¯ = 0.03 (in units of ω2q) and drive frequency is ω = ωq.
Parameters correspond to spaser experiment [1, 57, 58].
concentration for a single nanoparticle), the emission in-
tensity decreases but the narrowing in the emission spec-
trum is preserved. This shows that, spectral narrowing
originates from a single hybrid system a critical doping
(molecule) concentration. Thus, lasing originates not
from the collective act of the ensemble of the hybrid
systems. It rather originates from the extension of the
plasmon lifetime in a single system due to the stronger
molecule-plasmon coupling.
In order to observe the duration enhancement for the
plasmonic oscillation (polarization) one does not need
a perfect matching between the plasmon resonance fre-
quency and the quantum level spacing. In Fig. 5, we
observe that position of the EIT center is determined by
the quantum emitter.
A similar lifetime enhancement effect occurs when
a dipolar plasmon mode is coupled to a high-life
quadrupole plasmon mode: full classical analog of EIT
[30, 31, 59, 60]. However, the lifetime for a quantum
excitation is much longer than the classical quadrupole
plasmon one.
7B. Nanoscale Applications
The common aim in the solar cell research is to in-
crease the time that sun light spends in/on the semicon-
ductor panels [27, 28, 30, 31, 59, 60]. The incident sun
light is trapped in the silver/gold nanospheres (of diam-
eter 80nm) which are placed on the surface of the solar
cells by dewetting technique [30, 59, 60].
In a coupled metal nanosphere–quantum emitter sys-
tem, light trapping duration can be extended upto 10−9s
(for certain drive frequencies) using quantum dots (QDs).
This increases the pair formation efficiency in solar pan-
els. In Ref. [54], self-assembled manufacturing of bio-
molecules that are coupled to gold nanospheres reported.
Random distributions of such objects on the solar cell
surface is possible to work as EIT centers. Alternatively,
sputtering molecules over the surface can be expected to
work. Using molecules with different quantum level spac-
ings, EIT centers can cover different frequency ranges. A
variety of molecules can be fit into a wavelength square.
Even though QDs display higher lifetime, they are not
appropriate for self-assembled (mass production) tech-
niques.
On the other hand, QDs can be used in quantum in-
formation processing. Plasmons (of high electromagnetic
cross section) with increased lifetime can be utilized in
processes which need quantum entanglement.
C. Shortened decay time for quantum emitter
We additionally verify a complementary effect: decay
time of the electronically excited quantum emitter to the
ground state is shortened due to the presence of the metal
nanoparticle [51–53]. In Fig. 7, the quantum dot is pre-
pared initially in the excited state (ρee = 1). There exists
no drive, but quantum dot is coupled with a strength of
fc = 0.1ωq to the nanoantenna. Comparing Fig. 7a and
Fig. 7b, the coupled composite system emits the energy
in a much shorter time (about 10 times).
The increased quantum decay rate can also be at-
tributed to the change in the density of states due to
the hybridization of the quantum dot and the nanometal
[53] (Purcell effect). Here, we observe a parallel effect
due to the modification of the effective decay rate of the
quantum emitter by the damping rate of the plasmonic
antenna. This effect has totally different origins. There-
fore, the observed shorting has dual origins both working
in the same direction (shortens).
IV. SUMMARY AND CONCLUSIONS
Incident sun light couples very strongly to the metal
nanoparticle plasmons. The trapped intense radiation
results enhanced light-matters interaction [30]. However,
this oscillations last in only about 1/γq ∼ 10−14s and
light is re-radiated in different frequencies (heat). We
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FIG. 7: Comparison of the durations for the excited quantum
emitter to decay into the ground state. Quantum emitter is
prepared initially in the excited state (ρee = 1) and there is no
applied drive. (a) Quantum dot is not coupled to nanometal.
Decay to ground state happens in natural decay time 1/γeg ∼
2000. (b) Quantum dot is coupled to metal nanoantenna with
strength fc = 0.1ωq. The decay of the composite system takes
only ∼ 200/ωq time. Quantum level spacing is ωeg = 1.01ωq.
Decay rates are γq = 0.1ωq and γeg = 0.0005ωq.
show that the lifetime of the light trapping in plasmonic
oscillations can be increased upto the quantum decay
time 1/γeg ∼ 10−9s. The dynamics of the driven plas-
mons is governed by the lifetime of the quantum emitter
(see Fig. 6) which is coupled to it. The new lifetime
is limited with the coherence time of the driving source
[61, 62].
The effect is observed in the experiment [1, 57, 58]
demonstrating the stimulated emission of plasmon exci-
tations (spaser). The emission band of the coupled metal
nanoparticle–molecule system is determined by the inter-
nal conversion rate of the dye molecule.
The presence of such an effect is due to the
semiquantum–semiclassical analog of electromagnetically
induced transparency (EIT) [2]. The coupling of the
quantum object creates an additional oscillation mode
whose frequency is within the uncertainty window (pro-
portional to the damping rate) of the classical oscillator.
The two normal modes of the classical oscillator interfere
destructively and absorption cancels. A transparency
window emerges at the center of the absorption peak of
the plasmonic nanometal. A similar version of duration
enhancement also occurs in the full-classical analog of
EIT [5, 6, 11], where a dipole mode is coupled to a high-
life quadrupole mode [12, 59, 60]. However, the lifetime
of quantum excitation is highly large compared to the
quadrupole mode plasmon lifetime.
The EIT in coupled classical–quantum systems enables
us to benefit from useful features of both systems. In
such a devise, one can combine large interaction cross
section of plasmons (with light) and long decay time of
the quantum object. This allows one to use nanoanten-
8nas in quantum information. Such an effect can also be
adopted in solar cell applications for longer trapping of
light.
In addition, the slow light propagation occurring
within the transparency window last much longer. Re-
garding the macroscopic light propagation inside the so-
lar cell, this effect additionally increases the optical path
length.
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